, Infect. Immun. 61:4263-4271, 1993). cDNA10 was used to isolate its cognate gene, and both the cDNA and gene were sequenced, revealing a major open reading frame with the potential to encode a basic protein of 256 amino acids with a predicted molecular weight of 29 kDa. Over its entire length, the open reading frame showed strong homology at both the nucleic acid (75 to 78%) and amino acid (79 to 81%) levels to two Saccharomyces cerevisiae genes encoding the 40S ribosomal protein, Rp10. Therefore, our C. albicans gene was renamed RP10. Northern (RNA) analyses in C. albicans 3153 revealed that RP10 expression is regulated in a manner very similar to that of S. cerevisiae ribosomal genes. The level of the RP10 mRNA decreased upon heat shock (from 25 to 45؇C) and was tightly regulated during growth. Maximal levels of the mRNA were reached during mid-exponential phase before they decreased to negligible levels in stationary phase. The level of the RP10 mRNA was induced only transiently during the yeast-to-hyphal morphological transition but did not appear to respond to hyphal development per se.
the production of extracellular hydrolytic enzymes, especially proteases and phospholipases (5, 10, 22, 26, 32, 41) , the ability to adhere to host tissues (8) , the immunomodulatory effects of various cell wall components (34, 58) , and the ability to undergo a dimorphic transition from a budding yeast to a hyphal form (39, 52) . The relationship between the dimorphic transition and pathogenicity remains unclear (10, 33, 39, 42, 51) . Both forms are found in infected tissues (40, 42) , but C. albicans hyphae appear to be better adapted to penetrate epithelia (48) and therefore might play a role in establishing deepseated infections.
Although numerous factors can stimulate C. albicans dimorphism in vitro (39) , little is known about the mechanisms which control the transition. Different approaches are being taken to identify genes involved in the control of dimorphism. For example, the identification of S. cerevisiae genes that influence pseudohyphal growth in this yeast (17, 30) may lead ultimately to the isolation of homologs that are important for dimorphism in C. albicans. Also, differential hybridization strategies are proving successful in the identification of genes which are regulated during dimorphism despite the fact that the expression of many genes fluctuates during the yeast-to-hyphal form transition (54, 55) . Such strategies have led to the isolation of the C. albicans ECE1 and PHR1 genes, which are expressed specifically in the hyphal growth form (4, 14) , but these genes are not required for the transition under all conditions. Nevertheless, the disruption of the PHR1 gene did inhibit the development of hyphae under some conditions, suggesting that it might play a role in the control of dimorphism (14) .
To study the relationship between C. albicans dimorphism and pathogenicity, we attempted to identify immunogenic proteins that are expressed differentially during the dimorphic transition (56) . We constructed a lambda ZAPII cDNA expression library using mRNA from C. albicans cells induced to form hyphae and screened this library with sera from patients with oral Candida infections to identify cDNA clones which encode immunogenic proteins. We detected 83 positive clones, and 10 of these were analyzed further (56) . Preliminary Northern (RNA) analyses suggested that one of these sequences (cDNA10) was down-regulated during the yeast-to-hyphal form transition. Here, we present a detailed analysis of the corresponding gene. We show that this C. albicans gene is strongly homologous to two ribosomal protein 10 (Rp10) genes from S. cerevisiae, and hence we have renamed the gene RP10. Also, we show that RP10 expression is regulated during growth and, as a result, changes during dimorphism.
MATERIALS AND METHODS
Strains and culture conditions. Escherichia coli XL-1 blue {supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac FЈ[proAB ϩ lacI q lacZ ⌬M15 Tn10(tet r )]} was used for the manipulation of cDNA and genomic clones (Stratagene Ltd., Cambridge, United Kingdom). C. albicans (Robin) Berkhout strain 3153 from the London Mycological Reference Laboratory was used throughout. The dimorphic transition was induced under two alternative sets of experimental conditions. C. albicans was grown in the yeast form to late-exponential-growth phase (optical density at 600 nm, about 0.6) in YPD (2% glucose, 2% bacteriological peptone, 1% yeast extract) at 25ЊC with shaking at 200 rpm. To induce hyphal growth, 10 ml of this culture was used to inoculate 100 ml of YPD containing 10% bovine calf serum at 37ЊC (approximately 2 ϫ 10 7 cells per ml). Samples were removed at various times up to 120 min. Control cultures were grown in fresh YPD at 25ЊC without serum, 25ЊC with serum, or 37ЊC without serum. Alternatively, C. albi-cans was grown in the yeast form to late-exponential-growth phase in Soll's medium at 25ЊC and pH 4.5 with shaking at 200 rpm. Hyphal growth was induced by inoculation of 10 ml of this culture into 100 ml of Soll's medium at 37ЊC and pH 6.5 (approximately 2 ϫ 10 7 cells per ml) (52) , and samples were removed for analysis at various times up to 180 min. Control cultures were grown in Soll's medium at 25ЊC and pH 4.5, 25ЊC and pH 6.5, or 37ЊC and pH 4.5. Soll's medium is the defined medium of Lee et al. (27) as modified by Buffo et al. (7) . Cell numbers and morphology were monitored by light microscopy with an improved Neubauer hemocytometer.
To impose heat shock, yeast cells were grown to mid-exponential-growth phase at 25ЊC with shaking at 200 rpm in YPD. Cells were diluted 1 in 4 in fresh YPD preheated to 45ЊC and left at this temperature for 10 min. Control cultures were subjected to 10-min incubations at 25 or 37ЊC. Flasks were then returned to a 25ЊC shaking incubator, and cells were harvested at various times up to 60 min.
Screening the genomic library. The genomic library, which was derived from the C. albicans strain ATCC 10261, was provided generously by M. Payton (GIMB, Geneva, Switzerland). The library was constructed by insertion of DNA partially digested with Sau3A into YCp50 (50) . Colony hybridization (43) was performed on approximately 20,000 genomic clones with the 1-kb ApaI-SmaI cDNA10 insert as a probe following radiolabelling by random priming (13) . Positive clones were purified through a second round of colony hybridization.
DNA sequencing. cDNA10 and the RP10 gene were sequenced to completion on both strands. Dideoxy DNA sequencing (44) Preparation and analysis of nucleic acids. Total RNA was prepared by the method of Lindquist (29) . Genomic DNA was prepared from C. albicans by methods adapted from previously described procedures (3). Late-exponentialphase yeast cells from a 100-ml YPD culture were harvested by centrifugation and resuspended in 5 ml of 0.9 M sorbitol, 10 mM EDTA, and 0.1 M Tris. HCl (pH 8.0). Zymolyase (0.15 mg) and 10 l of ␤-mercaptoethanol were added, and the cells were shaken at 30ЊC for 1 to 2 h. Protoplasts were harvested by centrifugation at 1,000 ϫ g for 5 min, resuspended in 5 ml of 20 mM EDTA-50 mM Tris. HCl (pH 8.0), lysed by addition of 500 l of 10% sodium dodecyl sulfate, and incubated at 65ЊC for 30 min. After 2 ml of 5 M potassium acetate was added, the mixture was placed on ice for 1 h and centrifuged at 2,000 ϫ g for 5 min. The supernatant was removed, 2 volumes of ethanol was added, and the DNA precipitate was spooled. The DNA was resuspended in 5 ml of TE (1 mM EDTA, 10 mM Tris-HCl [pH 8.0]), 100 l of RNase A (10 mg ⅐ ml Ϫ1 ) was added, and the solution was incubated at 37ЊC for 1 h. Isopropanol (10 ml) was added, and the DNA precipitate was spooled and resuspended in TE at a final concentration of 1 mg ⅐ ml
Ϫ1
. Southern blotting (45) and Northern analysis (38) were performed with the random-primed ApaI-SmaI cDNA10 fragment as a probe, as described above. Hybridizations were performed with excess probe, and signals were quantified directly by two-dimensional radioimaging with an AMBIS Radioanalytic System (LabLogic, Sheffield, United Kingdom). To our knowledge, there is no report of a C. albicans mRNA that remains at sufficiently constant levels during the dimorphic transition to use as an internal loading control on Northern blots (11, 54, 55) . Therefore, mRNA levels were measured relative to those of the rRNAs by loading of approximately equal amounts of total RNA in each lane of the Northern gels.
RNA 5 mapping. The 5Ј end of the RP10 mRNA was mapped by primer extension according to standard procedures (43) . Briefly, 400 ng of oligonucleotide primer (5Ј-CCTTTCTTTCCTTTGGAC-3Ј; Oswel) was end labelled with [ albicans RNA prepared from exponentially growing yeast cells. After this mixture was denatured and annealed, primer extension was performed in a total volume of 20 l with 48 U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim, Lewes, United Kingdom). In parallel, the other 200 ng of end-labelled oligonucleotide was used to prime a Taq polymerase sequencing reaction on the RP10 gene. This sequencing reaction was electrophoresed alongside the primer extension reaction on a urea-6% polyacrylamide gel.
Nucleotide sequence accession number. The EMBL accession number for the RP10 sequence is X82017.
RESULTS
Isolation and sequence analysis of the C. albicans RP10 gene. In a previous study, we identified a set of cDNA clones which encode proteins that are immunogenic during infections in humans (56) . We decided to characterize one of these clones (cDNA10) in more detail because preliminary experiments suggested that the level of its mRNA might be regulated during the dimorphic transition. The cDNA insert was sequenced on both strands and was found to encode an open reading frame that lacked its 5Ј end (Fig. 1) . Therefore, cDNA10 was used as a probe to isolate the full-length gene from a C. albicans genomic library.
The entire gene was resequenced, including 309 bp of the upstream region and 185 bp downstream from the open reading frame (Fig. 1 ). Only one nucleotide difference was observed in the 899-bp overlap between the cDNA sequence (derived from the C. albicans strain 3153) and the gene sequence (derived from the strain ATCC 10261 [50] ). This silent change was at position 582 in the overlap between bases 322 and 1,220 ( Fig. 1 ). This frequency of sequence differences between two C. albicans strains (about 0.1%) is less than that observed for different S. cerevisiae strains (60, 61) . Comparison of the cDNA and gene sequences revealed no introns.
The gene sequence contained an open reading frame of 256 codons starting with the ATG at position 310 (Fig. 1) . This open reading frame was predicted to encode a basic protein with an isoelectric point of 10.7 and a molecular mass of 29 Table 1. kDa. No recognizable structural or functional motifs were identified in the predicted amino acid sequence with the computer program MOTIFS. However, the FASTA program showed that the open reading frame had strong homology over its entire length to several sequences in the databases ( Fig. 2 ; Tables 1 and 2 ). These data suggest strongly that cDNA10 encodes a homolog of the S. cerevisiae 40S ribosomal protein Rp10 and of the ribosomal protein S3a in plants and mammalian cells. Therefore, we named the C. albicans gene RP10.
The 5 and 3 ends of the RP10 mRNA. The 5Ј ends of the RP10 mRNA were mapped by primer extension with an oligonucleotide primer that hybridized to bases 336 to 353 of the sequence, 25 nucleotides downstream from the predicted translation initiation codon. Multiple transcription initiation sites were observed (Fig. 3) ; the major start sites correspond to positions 276, 280, 285, 289, and 293 on the gene sequence (Fig. 1) . These sites, which were all purines, lay in a window of 18 nucleotides between 17 to 34 nucleotides upstream from the predicted translation initiation codon. The initiation codon represented the 5Ј-proximal AUG on these transcripts, consistent with Kozak's (25) scanning model describing a mechanism of eukaryotic translation initiation. No obvious TATAA or CCAAT boxes (6) were observed upstream from the RP10 open reading frame (Fig. 1) .
The location of the 3Ј end of the RP10 mRNA was established by comparison of the 3Ј sequences of cDNA10 and the RP10 gene. The 3Ј cleavage and polyadenylation of the RP10 transcript occurred between nucleotides 1,218 and 1,220 (Fig.  1) . It was not possible to tell whether this processing occurred immediately after the T residue at position 1,218 or whether the first two A residues in the poly(A) tail were derived from the primary transcript (positions 1,219 and 1,220).
Southern analysis of the RP10 locus. Two Rp10 genes exist in S. cerevisiae, MFT1 (also known as PLC2 and KRP-Y1) and PLC1 (CYC7) (2, 16, 24) . Therefore, RP10 sequences in the C. albicans genome were investigated by Southern analysis (Fig.  4) . cDNA10 lacked internal BamHI, EcoRI, HindIII, PstI, and XbaI sites, and hence these enzymes were used to digest genomic DNA from the parental C. albicans strain, 3153. At high stringencies, the cDNA10 probe gave single bands for BamHI, EcoRI, HindIII, and PstI as expected. However, two Table 2 . Asterisks indicate residues identical in all proteins, and dots indicate residues identical in at least four of the seven proteins. bands of roughly equal intensity were observed in most digests containing XbaI (Fig. 4, lanes 5, 10, and 11) , the only exception being the BamHI-XbaI double digest, which yielded a single band (Fig. 4, lane 8) . All observed fragments were at least three times the length of the RP10 open reading frame. The filter was reprobed with other C. albicans sequences, showing that these two XbaI fragments were not generated by partial digestion of the genomic DNA (data not shown). Hence, it is likely that two distinct, but closely related, sequences in the C. albicans genome were detected by the cDNA10 probe.
Regulation of the RP10 mRNA during morphogenesis. Because preliminary experiments had suggested that the level of the RP10 mRNA decreases during the yeast-to-hyphal form transition, we decided to study this effect in more detail. Two different sets of conditions were used to induce the transition in C. albicans 3153: either the addition of serum was combined with a temperature shift (from 25Њ to 37ЊC) or, alternatively, a pH change (from pH 4.5 to 6.5) was combined with a temperature increase (from 25Њ to 37ЊC) (see Materials and Methods). Since each method of induction involved changes in several parameters, additional control cultures were analyzed to assess the effects associated with the addition of fresh medium or serum, the temperature increase, or the pH change. In all cultures, the proportion of cells forming germ tubes was measured by light microscopy ( Fig. 5A and B) .
RNA was isolated from all cultures at various times following inoculation, and the levels of the RP10 mRNA relative to those of the rRNAs were measured by quantitative Northern analysis with cDNA10 as a probe ( Fig. 5A and B ) (see Materials and Methods). Under all conditions studied, the level of the RP10 mRNA increased immediately following inoculation of late-exponential-phase yeast cells into fresh medium ( Fig.  5C and D) . This increase appeared more dramatic during the pH-temperature transition than during the serum-temperature transition (compare Fig. 5C and D) . It should be noted that the level of the RP10 mRNA was approximately fourfold lower in late-exponential-phase cells grown in Soll's medium than in those grown in YPD (not shown).
After the initial increase in RP10 mRNA levels, this mRNA was maintained at relatively high levels in cultures incubated at 25ЊC during the course of these experiments, but it declined in cultures incubated at 37ЊC (Fig. 5C and D) . The validity of these changes was demonstrated by reprobing of the same filters for other mRNAs. Like RP10, the mRNAs encoding actin (ACT1) and the essential fungal translation elongation factor 3 (TEF3) increased when late-exponential-phase cells were inoculated into fresh medium (54) . In contrast, the levels of the glycolytic mRNAs GPM1, PGK1, PYK1, and ADH1 decreased transiently under identical conditions (55) .
Consistent with our preliminary observations, comparison of yeast and hyphal cultures after 1 to 2 h of growth showed that the level of the RP10 mRNA was lower in hyphal cells ( Fig. 5C and D; compare squares with triangles). However, the analysis of control cultures suggested that the decline in RP10 mRNA levels after about 30 min correlated more closely with the elevated temperature than with hyphal development.
The effect of heat shock on the RP10 mRNA. Because of the apparent influence of temperature upon RP10 mRNA levels, we tested whether the mRNA responded to heat shock. Cells were grown to mid-exponential phase in YPD at 25ЊC and then inoculated into fresh prewarmed YPD at 25Њ, 37Њ, or 45ЊC. After 10 min at these temperatures, the cultures were returned to 25ЊC, and equal amounts of RNA isolated from cells harvested 10, 20, 30, or 60 min later were subjected to Northern analysis (Fig. 6) . Light microscopy confirmed that the cells grew in the yeast form throughout the experiment. The level of the RP10 mRNA was repressed strongly by a heat shock at 45ЊC but was not affected dramatically by the 37ЊC treatment (Fig. 6) . Reprobing of the same filters revealed that the PYK1 mRNA also was repressed under identical conditions (Fig. 6 ) but the ADH1 mRNA was not repressed by heat shock (55) . Therefore, the decrease in RP10 mRNA levels observed at 37ЊC during the dimorphism experiments (Fig. 5 ) cannot be explained simply by a mild heat shock response (Fig. 6) . (Fig. 1) RP10 mRNA levels during growth. We had shown that RP10 mRNA levels fluctuated during dimorphism but that these changes did not correlate directly with hyphal development (Fig. 5) or the increase in temperature (Fig. 6) . However, in all cases the mRNA level increased immediately after dilution of late-exponential-phase cells into fresh medium (Fig. 5) . This suggested that RP10 mRNA levels might be regulated during growth. We tested this by diluting late-exponential-phase yeast cells of C. albicans 3153 into fresh YPD and measuring RP10 mRNA levels during growth of the yeast form at 25ЊC (Fig. 7) . As before, RP10 mRNA levels increased rapidly upon dilution into fresh medium. The levels remained high during the exponential-growth phase but decreased rapidly as cells entered the transition phase, becoming negligible late in the stationary phase. Therefore, the level of the RP10 mRNA is dependent on growth phase.
DISCUSSION
Previously, we showed that the protein encoded by cDNA10 is immunogenic during infections in humans (56) . Here, by isolating and sequencing the corresponding gene, we have shown that it is homologous over its entire length to two S. cerevisiae genes ( Fig. 2; Tables 1 and 2 ). Both of these S. cerevisiae genes have been given various names as a result of their various means of isolation or apparent functions: MFT1 (PLC2 and KRP-Y1) and PLC1 (CYC7) (2, 16, 24) . However, Takakura and coworkers (57) have shown convincingly that FIG. 5 . RP10 mRNA levels during the yeast-to-hyphal form transition. (A) An overnight starter culture of C. albicans (S) grown in YPD at 25ЊC was used to inoculate flasks containing either YPD at 25ЊC (25C), YPD containing serum at 25ЊC (25C ϩ serum), YPD at 37ЊC (37C), or YPD containing serum at 37ЊC (37C ϩ serum), and the proportion of cells forming germ tubes in each culture was determined by light microscopy. The levels of the RP10 mRNA were measured at various times thereafter by quantitative Northern analysis. (B) An overnight starter culture of C. albicans (S) grown in Soll's medium at pH 4.5 and 25ЊC was used to inoculate flasks containing Soll's medium either at pH 4.5 and 25ЊC, pH 4.5 and 37ЊC, pH 6.5 and 25ЊC, or pH 6.5 and 37ЊC. Cell morphology and RP10 mRNA levels were then determined as described for panel A. The radioactive signals obtained on the filters shown in panels A and B were quantified directly by two-dimensional radioimaging, and the data are presented in panels C and D, respectively. mRNA levels are presented relative to those in the starter culture immediately before dilution into fresh media (100%).
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on July 7, 2017 by guest http://jb.asm.org/ these genes encode the ribosomal protein Rp10. The C. albicans gene product is predicted to have properties very similar to those of S. cerevisiae Rp10A and Rp10B: a basic protein of 256 amino acids with a molecular mass of 29 kDa. We therefore renamed our cDNA10 sequence RP10. However, whether RP10 is a true functional homolog of the S. cerevisiae Rp10 genes remains to be tested. Although the C. albicans Rp10 protein is probably intracellular, it appears to be immunogenic during infections (56) . A number of other intracellular proteins of C. albicans have been shown to be immunogenic. These include heat shock protein 90 (35) , enolase (15, 23) , alcohol dehydrogenase (47, 56) , phosphoglycerate kinase (23) , aldolase (23) , and pyruvate kinase (56) . Presumably, these abundant intracellular proteins become immunogens through the lysis of some C. albicans cells during infections.
Since two ribosomal protein 10 genes exist in S. cerevisiae (2, 24), we analyzed RP10 sequences in the C. albicans genome by Southern analysis of DNA digested with restriction enzymes that do not cleave within the cDNA10 probe. Digests containing XbaI usually gave two large bands of roughly equal intensities (Fig. 4) , suggesting that two distinct RP10-containing regions, which differ with respect to a flanking XbaI site, exist in C. albicans 3153. (An internal XbaI site would be expected to generate three restriction fragments in total.) However, the two RP10-containing regions would appear to be similar because single bands were observed on the Southern blot for BamHI, EcoRI, HindIII, and PstI, and all of these bands were at least three times the length of the RP10 open reading frame (Fig. 4) . This would appear to suggest similarity in the restriction maps of the two RP10-containing regions for some distance around the structural gene. Therefore, we favor the idea that there is a single RP10 locus in C. albicans 3153, the two alleles in this diploid fungus showing heterozygosity with respect to a flanking XbaI site. However, we cannot exclude the possibility that, as in Saccharomyces cerevisiae, two RP10 loci exist in C. albicans.
Our Northern data must be interpreted in the light of (i) the possible existence of two RP10 loci in C. albicans and (ii) the detection of multiple RP10 transcriptional start sites (Fig. 3) . Many S. cerevisiae genes use more than one transcriptional start site (36) , and genes that do not possess a TATA box (like RP10) often display multiple transcriptional start sites (46) . Nevertheless, it should be noted that our Northern analyses would not have detected possible differences in the regulation of the various RP10 mRNA species. However, on the basis of our data we are able to draw several conclusions regarding the regulation of RP10 mRNA as a whole.
Under two sets of experimental conditions, RP10 mRNA levels fluctuated during the dimorphic transition (Fig. 5) . However, the changes did not correlate absolutely with hyphal development. It has been suggested that the S. cerevisiae Rp10 genes are specific to the S-phase of the cell cycle (24) . By analogy, if the expression of the C. albicans RP10 gene were S-phase specific, the differences in RP10 mRNA levels observed during the yeast-to-hyphal form transition (Fig. 5) be explained by changes in the length of the cell cycle. However, S-phase-specific expression does not appear to be consistent with the cell's need to coordinate Rp10 synthesis with that of other ribosomal proteins. Yeast ribosome biogenesis is tightly controlled in response to growth rate (59), and we have shown that the RP10 mRNA is regulated during growth (Fig.  7) . The levels of numerous housekeeping mRNAs are known to change during the transition: for example, those of the ACT1, ADH1, GPM1, PGK1, PYK1, and TEF3 mRNAs (11, 54, 55) . Therefore, it seems more reasonable to suggest that the changes in RP10 mRNA levels observed during dimorphism (Fig. 5) reflected differences in growth under the various conditions.
It should be noted, however, that these arguments do not preclude the idea that ribosome biogenesis and RP10 expression, in particular, are regulated tightly during hyphal development. Gross physiological changes accompany the dimorphic transition (18, 20, 39, 53) . In growing hyphae, respiration, anabolic activity and possibly gene expression appear to be highest in the apical compartment (1, 62) while subapical compartments often appear relatively inactive and highly vacuolated (19) . Therefore, the RP10 gene might be expressed at relatively low levels in many subapical compartments, and this could account for the relatively low levels of RP10 mRNA in hyphal cultures compared with those growing in the yeast form (Fig. 5) .
The behavior of the RP10 mRNA deviated slightly from that of ribosomal protein mRNAs in S. cerevisiae with respect to its response to a mild heat shock. While the RP10 mRNA was not repressed by a mild heat shock at 37ЊC (Fig. 6 ), the levels of many S. cerevisiae mRNAs decrease transiently in response to such a treatment (21) and, in particular, the expression of an S. cerevisiae Rp10 gene is known to decrease dramatically at 39ЊC (2) . Nevertheless, the tight regulation of the C. albicans RP10 mRNA during growth (Fig. 7) and its repression by heat shock at 45ЊC (Fig. 6 ) are very similar to the behavior of yeast ribosomal protein mRNAs (59) . In conclusion, therefore, our data suggest strongly that the RP10 gene encodes a ribosomal protein, the synthesis of which is controlled during growth and dimorphism in C. albicans.
